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SUMMARY

A method is described whereby thermal diffusivity and conductivity
may be determined in thin layers of materié.l. It is demonstrated by
application in a study of fabrics ranging in thickness from 0,12 to

0.29 mm. The system is adaptable to use in similar measurements

in living skin,
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INTRODUCTION

The preceding papers have presented an apparatus and procedures
for the study of heat transfer on contact with flame (1), and tl:xe valida-
tion of a mathematical system of a.nalysi’a of the data so obtained (2). The
present report describes the procedure for the determination of diffusivity
and thermal conductivity and its application to fabrics made of the heat-
resistant synthetic fiber (DuPont HT-1) discussed in the first of this

series of papers.

MATERIALS AND METHOD

The flame contact apparatus used, the fabrics, and the experimental
procedure for the determination of temperature-time histories and heat
flux were those described in detail in the preceding papers. For the
present purposes it was necessary only to measure the temperature rise
at the fixed depth within the simulated skin, and in the simulant covered
with single layers of fab'r.i.c of thicknesses less than the critical thickness
(1). For convenience, the exposure time chosen was 3.0 seconds. The
fabric thicknesses measured by micrometer and by the circular disk

ga.uge"l were 0,12, 0,15, 0.20, 0,25, and 0.29 mm, corresponding to

% Gauge using 3/8" pressor foot set at 4.8 lb/inz pressure. The co-
operation of Margaret B, Hays of the Naval Material Laboratory,
Philadelphia, Pa. in providing these measurements and the exact weights

of the fabrics is gratefully acknowledged.



weights of approximately 2, 3, 4, 5, and 6 oz/}'d2 respectively. With
the exception of .the lightest-weight fabric, which was a plain weave, all
the fabrics were eitiler 2/2 or 3/3 twills, closely woven so that direct
pathways for heat tra’nsfer from the source to the backing were obviated

(Fig. 1, 3/3 twill, 6 oz/yd?).

The procedure for determining the thermal conductivit;r of the fabric
consisted of matching the observed temnperature rise of the simulated skin
under the fabric layers with the th'eoretical; temperature rise calculated
.from Equation 1 (1) for the various thermal conductivities associated

with the density and specific heat of the fabric.

The density of the fabric was 0.677 gm/cm3 as determined from the
measured weights and thicknesses and verified by fluid displacement

measurements,

The specific heat value used was 0.29 cal/gm°C given by the manu-
facturers” as the theoretical specific heat of the HT-1 polymer. Since
the air contained in the yarn is negligible in terms of its contribution to
the specific heat of the fabric it is expec‘ted that no ;:iapreciable error is

introduced by this procedure when heating is effected by flame contact.

* E.Il. DuPont de Nemours Inc,, Textile Fibers Dept., Wilmington,

Delaware,



3/3 twill, 6 oz/yd>.

Figure 1,
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EXPERIMENTAL RESULTS AND DISCUSSION

The temperature rises meaaured at the exposure time of 3 seconds
with the fabric-simulated skin assembly were 29,30 = 0,20, 27,07 % 0,90,
24.38 £ 0.87, 21.84 1,30, and 19.59 * 0,82° G/H under fabric. thick-
nesses of 0,012, 0,015, 0.020, 0,025, and 0.029 ém respectively, with

2 gec. Matching these experi-

heat fluxes of from 1.1 to 1.3 cal/cm
mentg.l values witﬁ' the theoretical values derived from calculations of

U, [H using a'series of assumed quahtitieb for k; ylelded a thermal con-

ductivity of 6.1 x 10"5 cal/cm®C sec.

Figure 2 shows the plot of the experimeﬁtally determined points com-
pared with the theoretical curve for U2 /H ves. thickneu.‘ The amount of
variation introduced by a change of £ 0,02 cal/ ngC in the specific heat,
orbyx1lx 10-5 cal/cm®C sec.in the thermal conductivity is indicated by
the lines drawn through the extremes. It is obvious that any grea.tef
change would destroy the fit of the curve to the experimental data. There-

fore, the correct value is confined within quite narrow limits.

‘Having established that thi.l system is not only feasible but also very
sensitive, it was desirable to simplify the.procedure for general applica~
bility. This was done by plotting the diffusivity of the fabric (layer 1)
against the temperature rise within the simulated-skin backing. An ex-

posure time of 3 seconds,and a fabric thickness of 0.05 cm was used in
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'Figure 2. Comparison of theoretical and experimental data, temperature
rise within simulated skin under HT-1 fabric,
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computing these data (Fig, 3). This thickness was selected for two reasons:
1) convenience in computing temperature rise (necessitates carryingn to
only one or two terms as opposed to four or five for lessér thicknesses),
and 2) latitude in range of thicknesses referable to these data (as seen in
Fig. 1 of the preceding paper the portion of the curve for U2 /H at thick-
nesses less than 0,05 cm is essentially a linear function of the thickness’
of layer 1). Therefore, the te'mperature ris.e‘ at a thickness of 0.05 cm

can be fqg_x;cl'l?y elther graphical or numerical extrapolation of a straight
line drawn betweer; the.experimenta.l data on temperature rise and thick-
ness and the Y intercept, 36.2°C/H, the temperature rise of the bare
simulated skin. Then to find the diffusivity of the material, the tempera-~
ture rise at 0. 05 cm so found is referred to the '"standard' chart, Fig. 3,
and the corresponding dliffusivity of layer 1 is read on the ordinate. If

the volume specific heat is known, then the thermal conductivity is

quickly obtained as the product of the diffusivity and the volume ‘
specific heat. For example, the temperature rise, Uz/H. measured
under the HT-I, 0.25 mm thick, was 21, 84°C /H; extrapolation to a
thickness of 0.05 cm yields a value of 7, 1°C/H; referring this value to

the ""standard" chart (Fig. 3), the diffusivity indicated is 31 x 1075 cm/aec;
the density and specific heat given are ;.677 gm/cm3 and 0.29 cal/gm°C,

respectively, ‘therefore, the volume specific heat is 0,196 cal/cm3°C.

and the thermal conductivity is calculated as the product of diffusivity and
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Figure 3. Diffusivity of layer 1 material vs, temperature rise at depth
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'volume specific heat, 6.1 x 10" cal/cm sec °C. Similarly, for the sili-

cone rubber material studled earlier (2), extrapolation to a tMcl&xess of
< K ‘

0.05 cmyields 17.8°C/H as U, /Hj the corresponding diffusivity from

Fig. 3 is 13.6 x 1074

cgs} the volume specific heat given is 0.47 and the
thermal conduét{vity found is 6.4 x 10“4 cgs, the value given by the manu-

facturer,

1

As illuatrate'd earlier (2), surface temperatures, interface tempera-
tures and temperatures at any depth within the two layers nd-a.y be deter-
mined by computation once the therrhal properties bave been established.
Applying this system, the surface and interface temperature rises appro-
priate to the HT-1 fabric-covered simulated skin were computed for the
exposure time of 3 seconds and are shown in Fig, 4, Itis seen that the
critical thié:kness occurs at about 0,06 cm and that the surface temperature
rise 1s much greater than that of the silicone rubber (112,4°C/H, (2)), as
would be expected since the thermai conductivity of the latter is tenfold
that of the HT -1 fabric. Thus, the fabric is seen to be a good insulator
providing a large temperature gradient over a thin layer of material and
thereby retarding the temperature rise of the underlying surface, an
observation borne out in field tests of fire~resistant clothing of this
material (7). In the same manner it is possible to generate families of
curves delineating temperature~time histories of fabric-covered skin as

desired within the range of heat flux, time and destruction temperature of
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Figure 4, Surface, interface, and depth temperatures rises in HT-1
fabric skin simulant assembly.



the fabric. Thus, it would seem that the problem. of assessing actual

tissue damage could be solved by these simple measurements in conjunc~
tion with currently available knowledge.(3, 4, 5). However, it has been
pointed out by the authors themselves that the diffusivity of the simulated
skin is in fact different from that of livipg skin (6) and therefore these
measurements cannot be applied directly to this problem, On the other
hand, the establishment of this set of mathematical expressions which

have been proven experimentally to describe the heating process precisely,
provides a powerful tool for attacking the problem indirectly. Thus, by
utilizing the converse of the pfesent pfocedure the system mayr be applied
to physiological measurements: 1) the diffusivity of the living skin as

layer 2 may be determined from surface temperature measuremenfe made
during heating of the skin covered by a thin layer of material of appropri-
ate known thermal properties; 2) if the density and the specific heat are
determined or known, thermai conductivity may be computed, and 3) tem-
perature rises at depth may be determined without diatm.'bing the subsurface
tissue. In this way information such as the temperature at the skin receptor
sites ‘may be determined if the depth of the sites is kno’wn or is determins

able after the heat exposure.

CONCL,USIONS
It is concluded that the technique described herein‘ provides a sensitive

and accurate means of determining the thermal properties in thin layers of
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fabric and similar materials., In addition, the rpathematical expressions
applied are such that the system may be used for analyses of the under-
lying layer from a knowledge of the properties and the temperature«time
history of the overlying layer, thus conlltituti.ng a relatively sirpple means
of studying the thermal properties of intact liviﬁg tissue without alteration

of the tissue itself.

11



REFERENCES

1.

Stoll, A,M, and L.R. Munroe, Flame Contact Studies; I. App#r"é,tus

i S H I T
and method for determination of heat transfer through fabric during

14

ey

flame contact. U.S. Naval Air Development Center, Johnsvillg; "Pa.,

Report No. NADC-MA-6215,

Stoll, A.M. and M. A. Chianta. Flame Contact Studies: II, Experi-

mental validation of mathematical analysis of heat flow. U.S. Naval

Air Developm=ant Center, Johnsville; Pa., Réport No. NADC-MA-6216,

Moritz, A.G. and F. C. Henriques, Jr. Studies of Thermal Injury II:
The relative importance of time and surface temperature in the causa-

tion of cutaneous burns. Am. J. Path. 23: 695, 1947,

Henriques, F.GC. Jr, Studies of Thermal Injury V: The predictability
and significance of thermally induced rate processes leading to ir~

reversible epidermal injury, Arch. Path, 43: 489, 1947.

Stoll, A.M, and L..C. Greene. Relationship between pain and tissue

damage due to thermal radiation. J. Appl. Physiol. 14: 373, 1959,

Derksen, W.L., G.P, DeLhery and T.I. Monahan, Thermal and"
optical properties of the NML skin simulant, Lab, Proj. 5046-3,

18 Jan, 1960,

Stoll, A.M. Thermal protection capacity of aviator's textiles,

. Aerospace Med. 33: 846, 1962,

12



2-223VeNL

"oN Jmsnrudissy wsieord
200 Ot Ztod/ 1202

7010 £02 IVY yevrday
1°6001-€1°S00WIX ¥sWaqng "2
L129-VIN-DAVN 130day *

-

2-7TIVIIL

op JuswruBiesy wsiqog

200 01 2104/1202

/010 £02 IVY svrdony
1°5001-€1 SO0 RoNqAg “2
L129-VIN-DAVN 120day

"o SJujAj Uy sJusWIsINERIUL IN(IUnS Ty PN

03 siquidepe sy weyske sy “ww 47°9 03 21°Q woay iesuwyog-

uy SnBuva 9312q¥;] jo Lpuis ® m wopeoydde Aq peresnisuowep ]}

A CIvENTW jo sxekw) mpp Uy peulwizsiep aq Arvws Lijapdnpuod
Pav Ajjarensnp (vwiey £qessym peqidsep ¢} poewt v

~dd 71 ‘2961 29quisdeq 92
“19IS "W 3INY 4q is18heT TqL W S1RLINEN jo seniedoay
sRIaY] O BORTTRMINIAJ "III “9IIPNIS IDNUO) IWel T

AYOLVYOEYT NOLLVYITIDOV TYIIAAN NOLLVIAV

‘Vd “ITTIASNHOSL “¥ILNID ININJOTIAIQ UIV TYAYN °S°n

w10 FUjAj] W} FINSWISINSTRMI SF(IEILS Wy Se

o1 s1qMdupT 8] Weleks eql ‘UKE £2°0 63 21 "0 WOI) WeEWMIT

wy Auplunz 8312qe] jo Apmis ¥ W} woReIjdde iq pmre P

I IVREMTE Jo elekn) W) W POUTINP oq Avwt L3papInpuod
puv Ayjajenyip vmaow Aqeieqa peqixeep 6] poem ¥

*dd 71 *7961 sequmedeq 92
1038 W 911V Lq :s20de MUL ) STy jo saysedoid
1wyl JO WORTIIWINI NI “II1 “2IPnIg 12D swmawyd

A¥OLVYVOEVT NOLLVYITIDOV TVIIAIN NOLLVIAY

*‘Vd ‘HTTIASNHOL ‘WILNTO ININJOTIAIA XIV TVAVN °s$°0

2-223IVINIL

*oN jusuruljssy weiqoxd
200 01 2104/1202

7010 £0Z IV nevLday

1°$001-€1 "S00 BT AsMIqDg *
L129-YN-DQVYN 110dey *

-2 IV

‘oN 1uswulisey weiqosd

200 01 2104/ 1202

/010 £02 IV ysvrday
1°$001-€1°S00UIT XPMqng 7
L129-VIX-DQVN 1a0day °y

-

‘ue Sujaj] W FIEAWSINGTOW IT|HT}E W} SOD

01 o1qNIdVpY 0] Weiedks ML ‘WE (2°0 @ [ °0 WO} SSWOMY

w; BnyBuns 0212qv;) jo Lpmie ¥ wy wopwajrdde Lq poy P

I IVENITW jo 030AT] ST §) PIURIINGP oq Lew LijaROnpuDd
put Lyjajensjip (vurzen Lqeioua peqiRdeep o) pofiem v

*dd 21 “2961 10quiedeq 927
1018 "W #0311V £q is2edeT WR] W) S[PLINEY jo senisdoigd
1IeYY JO WOPIRRUINGG ‘I “SOTPNIG 1IMWOD) SR

ANOLVIOSVYT NOLLVIZTIDIOV TVIIGIN NOLLVIAY
‘Vd ‘TTTIASNHO! ‘WAINTD ININLOTIATA WY TVAVN °*s°n

wpe Fujag) v oy oW svaIis W en

01 01qNdIpe o} mmeds oqL ‘wm (2°0 & 21°9 Woaj esSWIIM

= SmButs £312qe) Jo Lpuys v ® woRTIdde Lq pervnswoutep 8y

U CIVENTW jo siekv B W) poNpmaniep sq Lvw Ljapoupued
PuT Liaysngip (vmzens Aqsaena peqiosep o) pomeny v

*dd 27 ‘2961 soquedeq 92
‘NOIS "M 9311V £q i0s0dvT ML W TN jo ewnedery
Ivmieqy jo WRTHWINY] ‘(I ePRIS I3NWOD s Y

ANOLVIOGVT NOLLVEITIDIIV TVIIAIIN NOLLVIAV

‘Vd ‘TTTIASNHOL ‘VIINID INIMJOPIAIA WIV TVAVN *S°0



